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Abstract
The magnetotransport properties of La0.75Sr0.25MnO3 (LSMO) films
epitaxially grown on SrTiO3 (0 0 1) substrate were studied. The Curie
temperature (Tc) of LSMO films decreases from 300 to 105 K with a
reduction in the film thickness to 5 nm. A clear metal–insulator transition is
observed at a temperature consistent with Tc for films thicker than 10 nm.
However, the 5 nm thick film displays an insulative characteristic along with
a high magnetoresistence effect in a wide range of temperatures below and
above Tc. A phase-separation phenomenon in the 5 nm thick film was
demonstrated by thermally activated hopping transport between
ferromagnetic metallic domains embedded in an insulative matrix at
temperatures below Tc, but between paramagnetic metallic domains at
temperatures above Tc. It was also confirmed by conductive atomic force
microscopy images.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Over the past few years, doped-manganite perovskites,
RxA1−xMnO3 (R = rare earth elements and A = alkaline
earth elements), have been extensively investigated because
of their novel magnetotransport properties, such as colossal
magnetoresistance (CMR) and half-metallic character, which
are very useful for spintronic applications [1–5]. The above
properties of manganite are related to the coupling of lattice,
orbital and spin, which could be affected by strain, temperature
and magnetic field. In the CMR materials, the magnetic
transition at Curie temperature, Tc, is accompanied by a
metal–insulator (M–I) transition of electron transport. At a
high temperature, they are paramagnetic insulators (PIs), and
they become ferromagnetic metals (FMs) at low temperature.
The double exchange (DE) mechanism proposed by Zener
qualitatively explains the phenomenon [6]. Recently, these
materials have been explored in the form of thin films, which
have properties quite different from those of the bulk ones.
The change in properties has been attributed to structural and
magnetic modifications at the interface between the film and
the substrate [7, 8]. It is well known that strain induced by
lattice mismatch, lattice imperfections and thermal stress can
strongly affect the properties of manganite thin films [9–11].
For example, tensile strain suppresses ferromagnetism and
reduces ferromagnetic Curie temperature, which is generally
interpreted by considering a strain-induced distortion of MnO6
octahedra based on Jahn–Teller distortion theory [12]. At the
same time, the observed M–I transition temperature, Tp, is also
reduced. However, the suppression of Tp is not necessarily
related to the strain effect. The existence of an interfacial
dead layer has been suggested to explain the discrepancy
by a number of researchers. Sun et al observed that the
dead layer of La0.67Sr0.33MnO3 films grown on LaAlO3 and
NdGaO3 is around 5 nm and 3 nm, respectively, and they ruled
out the contribution of strain variation in decreasing the film
thickness [13]. So far, the origin of the dead layer is still
argumentative and indefinite. In this work, we propose an
approach to discriminate the characteristics of the dead layer
in La0.75Sr0.25MnO3 (LSMO) films grown on SrTiO3 (STO)
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with varying thicknesses from 5 to 90 nm. In our approach,
the magnetotransport property in LSMO films indicates an
appearance of a phase-separation phenomenon in the dead
layer. The surface morphology and current images measured
by atomic force microscopy (AFM) and conductive AFM
(CAFM) also confirm these results.
2. Experimental procedure
La0.75Sr0.25MnO3 (cLSMO = 3.890 Å) films with thickness in
the range 5–90 nm were grown on SrTiO3 (0 0 1) (cSTO =
3.905 Å) single crystal substrate using rf-magnetron sputtering
in a high-vacuum system with a base pressure lower than
7 × 10−7 Torr. During deposition, the substrate temperature
was kept at 780 ◦C and the gas pressure of deposition was fixed
at 10 mTorr with an Ar/O2 ratio of 3 : 1. After deposition,
the sample was slowly cooled to room temperature (RT) in
2.5 Pa O2 pressure. Structural analysis was done by x-ray
diffraction (XRD). The out-of-plane lattice parameter, c, of
the LSMO films was measured by normal Bragg reflection, and
the in-plane parameter, a, was evaluated from the diffraction
of the (1 0 2) plane, i.e. for pseudo-tetragonal lattice, 1/a2 =
1/d2102 −4/c2. A graph illustrating how the in-plane parameter
was measured is shown in figure 1. The chemical composition
of LSMO films was determined by inductively coupled plasma
spectrometry (ICP) with an accuracy of ±3 at.%. The surface
morphology and current image of the films were investigated
by AFM and CAFM, respectively, in an ultra-high vacuum
system. In the CAFM measurements, one contact is the
AFM tip which is coated with PtIr and the other contact
is the LSMO itself. Furthermore, the Ag paste is glued
circling the LSMO samples and connected to the ground
state, which provide a conductive path and avoid charging
in the LSMO film. The magnetic properties of samples
were measured using a superconducting quantum interference
device (SQUID) magnetometer. The diamagnetic contribution
of the substrate was subtracted from the data. During the
Figure 1. Illustrative diagram of how the in-plane parameter was
measured.
magnetic measurements, the field was applied in parallel to
the film plane to minimize the demagnetization effects. The
temperature-dependent resistivity data were obtained using a
conventional in-line four point probe technique and a dc current
of 1 µA–1 mA. The distance between the voltage contacts is
1 mm for all films. Magnetoresistance is measured in a field
of up to 3 T applied parallel to the plane of the films.
3. Results and discussion
Figure 2(a) shows the θ -2θ scan of XRD taken from a 30 nm
thick LSMO film. The XRD confirms the growth of c-axis-
oriented LSMO film with a slight lattice mismatch to the
STO substrate. The epitaxy between the LSMO and the STO
substrate in the in-plane orientation with respect to the major
axes {1 0 1} of the STO substrate is also verified by the
azimuthal (1 0 1) diffraction of the LSMO/STO as shown in
figure 2(b). The four peaks at 90◦ intervals to each other have
nearly the same intensity. No other peaks were observed in the
intervals between the four peaks, indicating that the alignment
of the a and c axes of the LSMO unit cell with respect to the
STO substrate is quite well, i.e. [1 0 0]LSMO//[1 0 0]STO, and
[0 0 1]LSMO//[0 0 1]STO. The AFM image (not shown here)
from the 1 µm × 1 µm scan of a 30 nm thick LSMO film
reveals that the root mean square roughness (Rrms) and the
maximum peak to valley roughness (Rp–v) are 0.216 nm and
0.64 nm, respectively. These values suggest that the surface is
very smooth for the epitaxial LSMO films.
The temperature-dependent magnetization, M(T ), of the
films having different thicknesses are shown in figure 3.
The magnetization data were collected at 0.2 T. All the
M(T ) curves of LSMO films clearly exhibit a ferromagnetic
transition but the respective Tc is dependent upon the film
thickness. The Tc of LSMO films slowly decreases from 300 to
270 K with a decrease in the film thickness to 30 nm. However,
the Tc of the LSMO films drastically drops to 110 K for the film
thickness decreasing to 5 nm. In addition to the down-shift of
Tc, a decrease in the magnetization capability is also observed.
For larger thicknesses of 60 and 90 nm, the films are nearly
fully magnetized, i.e. ∼ 3.75µB/Mn-site, at a temperature
below 50 K, but the magnetization decreases to ∼ 1.3µB/Mn-
site for the thickness reduced to 5 nm. Recent research has
Figure 2. (a) θ -2θ scans and (b) φ scans of the (1 0 1) peak of a
30 nm thick LSMO film on STO.
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Figure 3. Temperature-dependent magnetization curve of LSMO
films with varying thicknesses from 5 to 90 nm.
Figure 4. Top: In-plane and out-of-plane lattice parameters (a, c).
Bottom: Tc, Tp and TMR as a function of the LSMO film thickness.
shown that these results could be related to an inhomogeneous
magnetoelectronic nanostructure with distinguishable regions
containing localized charges on a series of fully strained
epitaxial structures, which leads to a modification of carrier
density in the metallic regions mainly located close to the
interface [14, 15]. However, in our study, we assume that it
might be related to the strain induced from the lattice mismatch
between the substrate and the LSMO films [16]. Figure 4
shows a comparison of the change in in-plane, a, and out-of-
plane lattice, c, parameters measured from XRD, with Tc as a
function of film thickness. Because the diffraction peaks of 5
and 10 nm films are relatively too low to be clearly resolved
from the overlapped peak of the substrate, a software of peak
separation was used to determine the peak position of LSMO
films. For the films grown on STO, the c value is reduced and
the a value is increased in response to the biaxial tensile stress,
giving rise to a reduction of Tc. The 5 nm thick LSMO film
has the least relaxation of lattice-mismatch strain and, thus,
the lowest Tc. According to the double exchange mechanism,
the Tc is proportional to the hopping amplitude of eg electron
Figure 5. (a) The ρ(T ) curve of thickness-dependent LSMO films.
(b) Temperature dependence of the MR ratio obtained at a magnetic
field of 3 T.
between Mn3+ and Mn4+ through the Mn–O–Mn network [17].
In this case, the tensile strain raises the a value and hence the
in-plane Mn–O bond length, leading to the decrease in the
hopping amplitude and, thus, Tc.
Figure 5(a) shows the temperature dependence of
resistivity, ρ(T), of the LSMO films. The resistivity increases
with decreasing film thickness. The Tp, defined at the peak of
ρ(T ), also shifts to a lower temperature. The Tp obtained from
the ρ(T ) curve, also shown in figure 4, is consistent with the Tc
obtained from the M(T ) curve for the films having a thickness
 30 nm. However, the two thickness films, i.e. 5 and 10 nm,
exhibit a quite different ρ(T ) behaviour. The resistivities of
both films are much larger than the others by two orders of
magnitude. A weak ρ(T ) peak at Tp of 130 K can still be
observed from the 10 nm thick film, which is much lower than
the Tc obtained from the M(T ) curve, denoting the occurrence
of a M–I transition in the film, although the resistivity increases
again with a decrease in the temperature below Tp, revealing
the insulative character of the film in the lower temperature
regime. In contrast, the 5 nm thick film displays an insulative
character in the whole temperature range of measurement. The
above results indicate the presence of a dead layer of electric
conduction adjacent to the interface. The magnetoresistance
(MR) effect of the LSMO films was also measured. Figure 5(b)
shows the temperature dependence of the MR ratio obtained
at a magnetic field of 3 T. The peak temperature, TMR, of the
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Figure 6. (a) The Arrhenius plots of resistivity against the
reciprocal of the square root of temperature of the 5 nm thick film
measured at 0 and 3 T. (b) The M(T ) curve of a 5 nm thick film
measured with a magnetic field = 0.2 and 3 T.
MR effect, as also shown in figure 4, is roughly consistent with
the Tp for all the films, except for the 5 nm thick film, which
shows no Tp but a TMR is observed here. Moreover, it exhibits
a significant MR effect over a wide range of temperature below
and above Tc.
The extraordinary MR effect in the dead layer of LSMO
film can be more clearly observed from the Arrhenius plots
of resistivity against the reciprocal of the square root of
temperature, i.e. ln ρ versus 1/T 0.5, of the 5 nm thick film
measured at 0 T and 3 T magnetic field, respectively, as shown
in figure 6(a). It is interesting that there is a clear transition
of magnetotransport behaviour at Tc in the plots. In the
temperature regime below Tc, the linear relation of ln ρ against
1/T 0.5 corresponds to a thermally activated hopping transport
in an insulative matrix embedded with metallic clusters, i.e.
ρ ∼ exp(b/T 0.5) [18]. It suggests that in the ferromagnetic
state of the 5 nm thick LSMO film, the metallic FM phase is
formed as isolated domains in insulative matrix, which may
be paramagnetic or antiferromagnetic. In other words, a high
spatial inhomogeneity of the M–I transition exists in the dead
layer of LSMO below Tc, which explains the low saturation
magnetization observed from the M(T ) measurement [19].
The hopping barrier, b, obtained from the slope of the linear
plots of ln ρ against 1/T 0.5 is in proportion to the average
spacing between the metallic clusters [20]. Therefore, the
lower hopping barrier of transport at H = 3 T than that at
zero field indicates that the volume fraction of the metallic
FM domains is enhanced by the magnetic field applied to
the LSMO film. The above result is consistent with recent
investigations that the formation of the dead layer is related
to a phase-separation phenomenon at the interface where
polaronic-like ferromagnetic metallic and insulating phases
separate at a nanometric scale [21]. It was suggested that
the driving force of such a phase separation is in connection
with the presence of structural inhomogeneities localized at
the interface between the film and the substrate [22]. For
the volume fraction of polaronic-like insulating phase larger
than that of the metallic phase, the conduction path would be
blocked, giving rise to the observed insulative characteristic
of the 5 nm thick LSMO film. When applying the external
magnetic field, the polaronic phase would be ‘melt’ by the
external magnetic field which increases the volume of metallic
domains and reduces the hopping barrier of carrier transport.
A drop of magneto-resistivity can be thus obtained in the dead
layer below Tc.
The high MR effect in a large temperature range above
Tc is also interesting. It can be seen from the plots shown in
figure 6(a) that the increment rate of resistivity, i.e. the slope,
at zero field slows down with the decrease in temperature
towards Tc, but that at 3 T exhibits a clear transition of
plot into a linear relation of lower slope. Since the linear
relation of ln ρ against 1/T 0.5 corresponds to a thermally
activated hopping transport in a dielectric matrix embedded
with metallic clusters [18], the result indicates that metallic
clusters are also formed in the dielectric matrix at T > Tc.
However, the clusters cannot be the FM domains resulting from
magnetic-field-enhanced transition of the FM phase because,
as shown in figure 6(b), Tc is only raised to 170 K but the
starting temperature of the MR effect is ∼270 K at 3 T. They
are more likely the domains of the paramagnetic metal (PM)
phase formed in the paramagnetic insulator (PI) matrix, as
the composition of LSMO in this study is quite close to
the morphotropic phase boundary (MPB) between the two
phases, which could easily have the coexistence of both phases
due to spatial inhomogeneity of composition and structural
defects [23]. Moreover, because the contraction of lattice
would enhance the coupling of localized eg orbitals into a
band structure, it is speculated that a higher lattice contraction
may be inhomogeneously induced around the structural defects
with decreasing temperature which triggers a local PI–PM
transition and enhances the growth of PM domains below a
critical temperature. The slow-down of resistivity increment at
zero field in the relation of ln (ρ) against 1/T 0.5 before reaching
Tc can be thus realized. Furthermore, the large reduction of
resistivity into a linear relation of ln (ρ) against 1/T 0.5 in the
field of 3 T also reveals that the local PI–PM transition can be
enhanced and stabilized by the magnetic field.
Figure 7(a)–(c) show the AFM and CAFM images
of a 5 nm thick LSMO film measured without applying
the magnetic field at RT, 115 K and 90 K, respectively,
from a scan size of 1000 × 1000 nm2. For the CAFM
measurement, a voltage of 2 V and a threshold criterion of
20 nA were set for generating a two-dimensional black and
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Figure 7. The AFM and CAFM images of a 5 nm thick LSMO film measured without applying a magnetic field at T = (a) RT, (b) 115 K
and (c) 90 K, respectively. (d) The enlarged part of (c) by a scan size of 250 × 250 nm2. The light and black regions represent the metallic
domains and the insulative matrix, respectively. (e) The relationship between the volume fractions of the metallic domains and the measured
temperature.
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white image. Insulating areas are shown in black, while the
white corresponds to the metallic regions. In the temperature-
dependent measurement, both the film and the tip would shrink
or expand during cooling or heating of the samples. In order to
avoid the tip knocking against the samples, the tip was slightly
raised up and then put into contact again after reaching the
set temperature. Therefore, there is a thermal shift between
the topographies measured at different temperatures. It can
be seen that the formation of the metallic domain is not
directly correlated with the grain structure observed from the
topography image. From the distribution of the current image,
the maximum current of conductive region are 50 nA, 45 nA
and 38 nA at 90 K, 115 K and RT, respectively. These values
suggest that the resistance of the conductive regions decrease
with decreasing temperature. However, the measured current
of insulative regions is ∼0 nA at all temperatures. The volume
fraction of the metallic domains decreases with decreasing
temperature, as shown in figure 7(e). At room temperature,
a large number of metallic domains embedded in an insulative
matrix can be observed, which confirms the presence of fine
conductive PM domains embedded in the insulative PI matrix.
With temperature decreasing to 115 K, the number of metallic
domains became reduced. It increases the difficulty in electron
transport, leading to the rise in resistivity. For T < Tc,
the metallic FM phase is formed as isolated clusters in the
insulative matrix. Figure 7(d) displays the enlarged part of the
figure 7(c) with a scan size of 250 × 250 nm2. The size of the
isolated FM cluster is about ∼5–10 nm, while the grain size
is about ∼150 nm. The above result also verifies the phase-
separation phenomenon at T < Tc.
4. Conclusions
In summary, epitaxial LSMO films of different thicknesses
on STO (0 0 1) substrates were fabricated by rf-magnetron
sputtering. From magnetic and resistivity, i.e. M(T ) and ρ(T ),
measurements, a dead layer of about 5 nm for electron transport
was found. We have demonstrated the phase-separation
phenomenon in the dead layer which consists of an insulative
matrix embedded with ferromagnetic metallic domains at
temperatures below Tc, but embedded with paramagnetic
metallic domains at temperatures above Tc, giving rise to
an extraordinary magnetotransport property for the ultrathin
LSMO films. This was confirmed by CAFM images.
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